Introduction {#Sec1}
============

The accelerated expansion of the Universe at late stages of its evolution, found little more than a decade ago \[[@CR1], [@CR2]\], is one of the most intriguing puzzles of modern physics and cosmology. Recognition of this fact was the awarding of the Nobel Prize in 2011 to Saul Perlmutter, Adam Riess and Brian Schmidt. After their discovery, there were numerous attempts to explain the nature of such acceleration. Unfortunately, there is no satisfactory explanation so far (see, e.g., the state of art in \[[@CR3]\]). According to the recent observations \[[@CR4]--[@CR6]\], the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda $$\end{document}$CDM model is the preferable one. Here, the accelerated expansion is due to the cosmological constant. However, there is a number of problems associated with the cosmological constant. Maybe, one of the main of them consists in the adjustment mechanism which could compensate originally huge vacuum energy down to the cosmologically acceptable value and to solve the coincidence problem of close magnitudes of the non-compensated remnants of vacuum energy and the energy density of the Universe at the present time \[[@CR7]\]. To resolve this problem, it was proposed to introduce scalar fields as a matter source. Such scalar fields can be equivalently considered in the form of perfect fluids. Among these perfect fluids, a barotropic fluid is one of the most popular objects of study. This fluid is characterized by the pressure which is the function of the energy density only: $\documentclass[12pt]{minimal}
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                \begin{document}$$p=p(\rho )$$\end{document}$, and the linear equation of state (EoS) $\documentclass[12pt]{minimal}
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                \begin{document}$$p=\omega \rho $$\end{document}$ is the most popular. These barotropic perfect fluids with the EoS parameters $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega <-1/3$$\end{document}$ can cause the accelerated expansion of the Universe. Such fluids are called quintessence \[[@CR8]--[@CR10]\] and phantom \[[@CR11], [@CR12]\] for $\documentclass[12pt]{minimal}
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                \begin{document}$$-1<\omega <0$$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega <-1$$\end{document}$, respectively. Usually, they have a time varying parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega $$\end{document}$ of the EoS. However, there is also a possibility to construct models with constant $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega $$\end{document}$ (for the corresponding experimental restrictions see, particularly, Planck 2013 results \[[@CR6]\]). This imposes severe restrictions on the form of the scalar field potential \[[@CR13], [@CR14]\]. In this case, a scalar field is equivalent to a perfect fluid with $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega =\text{ const }$$\end{document}$. A large class of models is expected to be well described (at least as far as the CMB anisotropy is concerned) by an effective constant EoS parameter \[[@CR15]\]. For example, it is also well known that frustrated networks of topological defects (cosmic strings and domain walls) have the form of perfect fluids with the constant parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega $$\end{document}$ \[[@CR14], [@CR16]--[@CR18]\]. For example, $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega =-1/3$$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega =-2/3$$\end{document}$ for cosmic strings and domain walls, respectively. It is of interest to investigate the viability of the models with constant $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega $$\end{document}$ and to answer the question whether these models are an alternative to the cosmological constant.

In our paper, we consider the compatibility of these models with the scalar perturbations of the Friedmann--Robertson--Walker (FRW) metrics. In the hydrodynamical approach, such investigation was performed in a number of papers (see, e.g. \[[@CR19]\] for $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega =$$\end{document}$ const and \[[@CR20], [@CR21]\] for $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega \ne $$\end{document}$ const). We consider the Universe at late stages of its evolution when galaxies and clusters of galaxies have already formed. At scales much larger than the characteristic distance between these inhomogeneities, the Universe is well described by the homogeneous and isotropic FRW metrics. This is approximately 190 Mpc and larger \[[@CR22]\]. At these scales, the matter fields (e.g., cold dark matter) are well described by the hydrodynamical approach. However, at smaller scales the Universe is highly inhomogeneous. Here, the mechanical approach looks more adequate \[[@CR22], [@CR23]\]. It is worth noting that similar ideas concerning the discrete cosmology have been discussed in the recent papers \[[@CR24], [@CR25]\]. Obviously, at early stages of the Universe evolution (i.e. before the inhomogeneities formation when the density contrast is much less than unity), the hydrodynamical approach works very well at small scales. It is clear that cosmological models should be tested at all stages of the Universe evolution. It is not sufficient to show their compatibility with observations only at early stages, i.e. in the hydrodynamical approach, as in previous papers. These models should also be in agreement with the mechanical approach. This is the aim and the novelty of our study. To start with, in the present paper we consider the simplest model where a perfect fluid has a constant parameter of the EoS. This article belongs to a series of studies where we intend to test different cosmological models for their compatibility with the mechanical approach. Recently, such investigation was performed for nonlinear $\documentclass[12pt]{minimal}
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                \begin{document}$$f(R)$$\end{document}$ models \[[@CR26]\] as well as models with quark-gluon nuggets \[[@CR27]\]. In the following paper we will consider the case of time-dependent parameters of the EoS.

In mechanical approach, galaxies, dwarf galaxies and clusters of galaxies (all of them mostly composed of dark matter) can be considered as separate compact objects. Moreover, at distances much greater than their characteristic sizes they can be well described as point-like matter sources. This is generalization of the well-known astrophysical approach \[[@CR28]\] (see §106) to the case of dynamical cosmological background. Usually, gravitational fields of these inhomogeneities are weak and their peculiar velocities are much less than the speed of light. Therefore, we can construct a theory of perturbations where the considered point-like inhomogeneities disturb the FRW metrics. Such theory was proposed in the paper \[[@CR23]\]. Then we applied this mechanical approach in \[[@CR29]\] to describe the mutual motion of galaxies, in particular, the Milky Way and Andromeda galaxies. For such investigations, the form of the gravitational potential plays an important role. Hence, one of the main tasks of the present paper is to study a possibility to get a reasonable form of gravitational potentials in the models with an additional perfect fluid with constant negative $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega $$\end{document}$. Then, if such potentials exist, we can study the relative motion of galaxies in the field of these potentials and compare it with the corresponding motion in the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda $$\end{document}$CDM model \[[@CR29]\].
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                \begin{document}$$\omega =\text{ const }$$\end{document}$, their perturbations are purely adiabatic (see, e.g. \[[@CR30]\]), i.e. dissipative processes are absent. Then we demonstrate that, first, these fluids must be clustered (i.e. inhomogeneous) and, second, $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega =-1/3$$\end{document}$ is the only parameter which is compatible with the theory of scalar perturbations. It is well known that such perfect fluid neither accelerates nor decelerates the Universe. Frustrated network of cosmic strings is a possible candidate for such perfect fluid. It is worth noting that this conclusion is valid for perfect fluids with the constant EoS parameter. The conclusion for imperfect fluids (e.g., for scalar fields with arbitrary potentials) can be quite different. We also obtain formulas for the nonrelativistic gravitational potential created by a system of inhomogeneities (galaxies, groups, and clusters of galaxies). We show that due to the perfect fluid with $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega =-1/3$$\end{document}$, the physically reasonable expressions take place for flat, open, and closed Universes. If such perfect fluid is absent, the hyperbolic space is preferred \[[@CR23]\]. Hence, even if this perfect fluid does not accelerate the Universe, it can play an important role. It is worth noting also that according to the paper \[[@CR18]\], a small contribution from the string network can explain the possible small departure from $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda $$\end{document}$CDM evolution.

The paper is structured as follows. In Sect. [2](#Sec2){ref-type="sec"}, we consider scalar perturbations in the Friedmann Universe filled with the cosmological constant, pressureless dustlike matter (baryon and dark matter) and perfect fluid with negative constant EoS. Here, we get the equation for the nonrelativistic gravitational potential. In Sect. [3](#Sec5){ref-type="sec"}, we find solutions of this equation for an arbitrary system of inhomogeneities for flat, open, and closed Universes. These solutions have the Newtonian limit in the vicinity of inhomogeneities and are finite at any point outside inhomogeneities. The main results are summarized in the concluding Sect. [4](#Sec9){ref-type="sec"}.

Scalar perturbations of FRW Universe {#Sec2}
====================================

Homogeneous background {#Sec3}
----------------------

To start with, we consider a homogeneous isotropic Universe described by the FRW metrics,$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathrm{d}s^2= & {} a^2\left( \mathrm{d}\eta ^2-\gamma _{\alpha \beta }\mathrm{d}x^{\alpha }\mathrm{d}x^{\beta }\right) \nonumber \\= & {} a^2\left( \mathrm{d}\eta ^2-\mathrm{d}\chi ^2 -\Sigma ^2(\chi ) \mathrm{d}\Omega ^2_2\right) , \end{aligned}$$\end{document}$$where$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \Sigma (\chi )=\left\{ \begin{array}{ll} \sin \chi , &{}\quad \chi \in [0,\pi ] \text{ for } {\mathcal K}=+1 \\ \chi , &{}\quad \chi \in [0,+\infty ) \text{ for } {\mathcal K}=0 \\ \sinh \chi , &{}\quad \chi \in [0,+\infty ) \text{ for } {\mathcal K}=-1 \end{array} \right. \end{aligned}$$\end{document}$$and $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal K=-1,0,+1$$\end{document}$ for open, flat, and closed Universes, respectively. As matter sources, we consider the cosmological constant[1](#Fn1){ref-type="fn"}$\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda $$\end{document}$, pressureless dustlike matter (in accordance with the current observations \[[@CR4], [@CR5]\], we assume that dark matter (DM) gives the main contribution to this matter) and an additional perfect fluid with the EoS $\documentclass[12pt]{minimal}
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                \begin{document}$$\overline{p}=\omega \overline{\varepsilon }$$\end{document}$ where $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega <0$$\end{document}$. In the present paper, $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega =\text{ const }$$\end{document}$. As we already wrote in the Introduction, such perfect fluids can be modeled by scalar fields with the corresponding form of the potentials \[[@CR13], [@CR14]\] as well as by the frustrated network of the topological defects \[[@CR14], [@CR16]--[@CR18]\]. We exclude the values $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega =0,-1$$\end{document}$ because they are equivalent to DM and the cosmological constant, respectively. Scalar fields with $\documentclass[12pt]{minimal}
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                \begin{document}$$-1<\omega <0$$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega <-1$$\end{document}$ are usually called quintessence and phantom, respectively. Below, the overline denotes homogeneous perfect fluids. It can easily be seen from the conservation equation that in the case of the homogeneous perfect fluid$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \overline{\varepsilon }=\varepsilon _0\frac{a_0^{3(1+\omega )}}{a^{3(1+\omega )}}, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$a_0$$\end{document}$ is the scale factor at the present time and $\documentclass[12pt]{minimal}
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                \begin{document}$$\varepsilon _0$$\end{document}$ is the current value of the energy density $\documentclass[12pt]{minimal}
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                \begin{document}$$\overline{\varepsilon }$$\end{document}$.

Because we consider the late stages of the Universe evolution, we neglect the contribution of radiation. It is worth noting that radiation can also be included into consideration \[[@CR22]\], and the simple analysis demonstrates that this does not affect the results of the paper. Therefore, the Friedmann equations read$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \frac{3\left( \mathcal {H}^2+\mathcal {K}\right) }{a^2}=\kappa \overline{T}^0_0+\Lambda +\kappa \overline{\varepsilon }\end{aligned}$$\end{document}$$and$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \frac{2\mathcal {H}'+\mathcal {H}^2+\mathcal {K}}{a^2}=\Lambda -\kappa \omega \overline{\varepsilon }, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa \equiv 8\pi G_\mathrm{N}/c^4$$\end{document}$ ($\documentclass[12pt]{minimal}
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                \begin{document}$$c$$\end{document}$ is the speed of light and $\documentclass[12pt]{minimal}
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                \begin{document}$$G_\mathrm{N}$$\end{document}$ is the Newton gravitational constant). Here, $\documentclass[12pt]{minimal}
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                \begin{document}$$\overline{T}^{ik}$$\end{document}$ is the energy--momentum tensor of the average pressureless dustlike matter. For such matter, the energy density $\documentclass[12pt]{minimal}
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                \begin{document}$$\overline{T}^{0}_{0} =\overline{\rho }c^2/a^3$$\end{document}$ is the only nonzero component. $\documentclass[12pt]{minimal}
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                \begin{document}$$\overline{\rho }=\text{ const }$$\end{document}$ is the comoving average rest mass density \[[@CR23]\]. It is worth noting that in the case $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal K =0$$\end{document}$ the comoving coordinates $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x^{\alpha }$$\end{document}$ may have a dimension of length, but then the conformal factor $\documentclass[12pt]{minimal}
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                \begin{document}$$a$$\end{document}$ is dimensionless, and vice versa. However, in the cases $\documentclass[12pt]{minimal}
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                \begin{document}$$a$$\end{document}$ has a dimension of length and $\documentclass[12pt]{minimal}
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                \begin{document}$$x^{\alpha }$$\end{document}$ are dimensionless. For consistency, we shall follow this definition for $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal K=0$$\end{document}$ as well. For such choice of the dimension of $\documentclass[12pt]{minimal}
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                \begin{document}$$a$$\end{document}$, the rest mass density has a dimension of mass.
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                \begin{document}$$c\mathrm{d}t=a \mathrm{d}\eta $$\end{document}$. Therefore, Eqs. ([2.4](#Equ4){ref-type=""}) and ([2.5](#Equ5){ref-type=""}), respectively, take the form$$\documentclass[12pt]{minimal}
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                \begin{document}$$H_0$$\end{document}$ are the values of the conformal factor $\documentclass[12pt]{minimal}
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                \begin{document}$$a$$\end{document}$ and the Hubble "constant" $\documentclass[12pt]{minimal}
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                \begin{document}$$H\equiv \dot{a}/a\equiv (\mathrm{d}a/\mathrm{d}t)/a$$\end{document}$ at the present time $\documentclass[12pt]{minimal}
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Scalar perturbations {#Sec4}
--------------------

As we have written in the Introduction, the inhomogeneities in the Universe result in scalar perturbations of the metrics ([2.1](#Equ1){ref-type=""}). In the conformal Newtonian gauge, such perturbed metrics is \[[@CR31], [@CR32]\]$$\documentclass[12pt]{minimal}
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Taking into account the expression ([2.18](#Equ18){ref-type=""}), we see that in the right hand side of Eq. ([2.16](#Equ16){ref-type=""}) the second term is proportional to $\documentclass[12pt]{minimal}
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                \begin{document}$$\varepsilon _0=0$$\end{document}$, this equation coincides (up to an evident redefinition) with Eq. (7.14) in the well-known book \[[@CR42]\] and Eq. (2) for the GADGET-2 \[[@CR43]\].
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                \begin{document}$$\mathcal {K}=-1$$\end{document}$ is preferred \[[@CR23]\]. Therefore, the positive role of such perfect fluid is that its presence gives a possibility to consider models for any $\documentclass[12pt]{minimal}
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Gravitational potentials {#Sec5}
========================

It is convenient to rewrite Eq. ([2.25](#Equ25){ref-type=""}) as follows:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \Delta \phi -\lambda ^2\phi = 4\pi G_\mathrm{N}\rho , \end{aligned}$$\end{document}$$where the truncated gravitational potential is$$\documentclass[12pt]{minimal}
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                \begin{document}$$i$$\end{document}$th inhomogeneity. Therefore, Eq. ([3.1](#Equ27){ref-type=""}) satisfies the very important principle of superposition. It is sufficient to solve this equation for one gravitating mass $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi _i\sim 1/r$$\end{document}$ and, second, this potential should converge at any point of the Universe (except the gravitating mass position).

It seems reasonable to assume also that the total gravitational potential averaged over the whole Universe is equal to zero (see, e.g. \[[@CR23]\]):$$\documentclass[12pt]{minimal}
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                \begin{document}$$\overline{\delta \varepsilon } =0$$\end{document}$ (see Eq. ([2.26](#Equ26){ref-type=""})).
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                \begin{document}$$\varepsilon _0>0 \rightarrow \lambda ^2 = \frac{8\pi G_\mathrm{N}}{c^4}\varepsilon _0a_0^2 >0$$\end{document}$, the solution of ([3.1](#Equ27){ref-type=""}) for a separate mass $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \phi _i=-\frac{G_\mathrm{N}m_i}{r}\exp (-\lambda r), \quad \lambda >0, \; 0<r<+\infty . \end{aligned}$$\end{document}$$It can easily be seen that this truncated potential has the Newtonian limit for $\documentclass[12pt]{minimal}
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                \begin{document}$$r\rightarrow 0$$\end{document}$. This expression shows that the perfect fluid results in the screening of the Newtonian potential. A similar effect for the Coulomb potential takes place in plasma. In our case, the screening originates due to specific nature of the perfect fluid. It is worth mentioning that the exponential screening of the gravitational potential was introduced "by hand" in a number of models to solve the famous Seeliger paradox (see, e.g., the review \[[@CR44]\]). In our model, we resolve this paradox in a natural way due to the presence of the specific perfect fluid.

For a many-particle system, the total gravitational potential takes the form$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \varphi =-G_\mathrm{N}\sum _i\frac{m_i}{|\mathbf{r}-\mathbf{r}_i|}\exp \left( -\lambda |\mathbf{r}-\mathbf{r}_i|\right) +\frac{4\pi G_\mathrm{N}\overline{\rho }}{\lambda ^2}. \end{aligned}$$\end{document}$$Substituting ([3.7](#Equ33){ref-type=""}) into ([2.26](#Equ26){ref-type=""}), we get for the fluctuations of the perfect fluid energy density the following expression:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \delta \varepsilon =\frac{2\varepsilon _0a_0^2}{c^2a^{3}}\left( -G_\mathrm{N}\sum _im_i\frac{\exp \left( -\lambda |\mathbf{r}-\mathbf{r}_i|\right) }{|\mathbf{r}-\mathbf{r}_i|}+ \frac{c^4\overline{\rho }}{2\varepsilon _0a_0^{2}}\right) .\nonumber \\ \end{aligned}$$\end{document}$$Therefore, we arrive at a physically reasonable conclusion that these fluctuations are concentrated around the matter/dark matter inhomogeneities and the corresponding profile is given by Eq. ([3.8](#Equ34){ref-type=""}).

The averaged value of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$i$$\end{document}$th component of the truncated potential over some finite volume $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$V_0$$\end{document}$ is$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \overline{\phi }_i= & {} \frac{4\pi }{V_0}\int _{0}^{r_0}\left[ -G_\mathrm{N} m_i\frac{\exp (-\lambda r)}{r}\right] r^2\mathrm{d}r\nonumber \\= & {} -\frac{4\pi G_\mathrm{N} m_i}{V_0}\left[ -\frac{\exp (-\lambda r_0)}{\lambda }\left( r_0+\frac{1}{\lambda }\right) +\frac{1}{\lambda ^2}\right] . \end{aligned}$$\end{document}$$Then, letting the volume go to infinity ($\documentclass[12pt]{minimal}
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                \begin{document}$$\overline{\rho }= \lim \nolimits _{V_0\rightarrow +\infty }\sum \nolimits _i m_{i}/V_0$$\end{document}$. Therefore, the averaged gravitational potential ([3.5](#Equ31){ref-type=""}) is equal to zero: $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\overline{\varphi }=0$$\end{document}$. Consequently, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\overline{\delta \varepsilon } =0$$\end{document}$.
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Let us consider, first, the case $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda ^2 = \frac{8\pi G_\mathrm{N}}{c^4}\varepsilon _0a_0^2-3\equiv -\mu ^2 <0$$\end{document}$. This case is of interest because it allows us to perform the transition to small values of the energy density of the perfect fluid: $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi =\pi $$\end{document}$. We demonstrated this fact in our paper \[[@CR23]\]. Therefore, the considered perfect fluid gives a possibility to avoid this problem for the models with $\documentclass[12pt]{minimal}
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                \begin{document}$$\overline{\varphi }=0 \Rightarrow \overline{\delta \varepsilon }=0$$\end{document}$.
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Here, the most interesting case corresponds to $\documentclass[12pt]{minimal}
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Taking into account that the averaged total truncated potential has again the form ([3.10](#Equ36){ref-type=""}), the procedure of averaging leads to the physically reasonable result: $\documentclass[12pt]{minimal}
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Conclusion {#Sec9}
==========

In our paper, we have considered the perfect fluids with the constant negative parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega <-1$$\end{document}$ are usually called quintessence and phantom, respectively, and they can be an alternative to the cosmological constant explaining the late time acceleration of the Universe. It takes place if their parameter of the EoS $\documentclass[12pt]{minimal}
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To check the compatibility of these fluids with observations, we considered the present Universe at scales much less than the cell of homogeneity size which is approximately $\documentclass[12pt]{minimal}
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                \begin{document}$$190$$\end{document}$ Mpc \[[@CR22]\]. At such distances, our Universe is highly inhomogeneous and the averaged Friedmann approach does not work here. We need to take into account the inhomogeneities in the form of galaxies, groups and clusters of galaxies. It is natural to assume also that the perfect fluid fluctuates around its average value. Therefore, these fluctuations as well as inhomogeneities perturb the FRW metrics. To consider these perturbations inside the cell of uniformity, we need to use the mechanical approach. This approach was established in our papers \[[@CR22], [@CR23]\]. This is the novelty of our present work because in the previous studies the scalar perturbations were considered in the hydrodynamical approach which works well for the early Universe. It is obvious that the cosmological models should be consistent with the observations at all stages of the evolution of the Universe (both early and late).

Taking into account that the perturbations of the considered perfect fluids are purely adiabatic (i.e. dissipative processes are absent), we have shown that such perfect fluids are compatible with the theory of scalar perturbations if they satisfy two conditions. First, these fluids must be clustered (i.e. inhomogeneous). Second, the parameter of the EoS $\documentclass[12pt]{minimal}
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Therefore, in the case of negative constant $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega =-1/3$$\end{document}$ are compatible with the mechanical approach, which is the most appropriate to describe the late Universe inside the cell of uniformity. Substituting $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega =-1/3$$\end{document}$ into the background Eq. ([2.6](#Equ6){ref-type=""}), we can see that such perfect fluid behaves here as curvature. Hence, we can combine both terms to get a total "curvature" density parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda $$\end{document}$ determines the characteristic scales of the Yukawa-type screening in Eqs. ([3.6](#Equ32){ref-type=""}) and ([3.12](#Equ38){ref-type=""}). However, we cannot do it because the experimental restrictions have topological origin (i.e. they are due to the different form of the function $\documentclass[12pt]{minimal}
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                \begin{document}$$\Sigma $$\end{document}$ in ([2.2](#Equ2){ref-type=""})) but not due to the fact that the curvature term in the Friedmann equations behaves as $\documentclass[12pt]{minimal}
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                \begin{document}$$1/a^2$$\end{document}$. In other words, the topological restrictions follow from the different definitions for the distances in the case of different topologies.

Then we have obtained the equation for the nonrelativistic gravitational potential. We need to know the form of the gravitational potential to describe dynamics of inhomogeneities. For example, all numerical simulations use the expression for the gravitational potentials of the inhomogeneities. Obviously, dynamical behavior of these inhomogeneities is determined by two competing mechanisms. On the one hand, it is the gravitational interaction between the inhomogeneities, and, on the other hand, the cosmological accelerated expansion. Therefore, one of the main tasks of the present paper was to study a possibility to get a reasonable form of the gravitational potential in the considered model. We have shown that due to the perfect fluid with $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega =-1/3$$\end{document}$, the physically reasonable solutions of the equation for the gravitational potential take place for flat, open, and closed Universes. The presence of this perfect fluid helps to resolve the Seeliger paradox \[[@CR44]\] for any sign of the spatial curvature parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal {K}$$\end{document}$. If the perfect fluid is absent, the hyperbolic space is preferred \[[@CR23]\]. Hence, such perfect fluid can play an important role. This perfect fluid is concentrated around the inhomogeneities and results in screening of the gravitational potential. It should be noted that the obtained gravitational potentials have an important property: the total gravitational potentials averaged over the whole Universe are equal to zero $\documentclass[12pt]{minimal}
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It must be emphasized that the case of imperfect fluids with the varying parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega $$\end{document}$ (e.g., scalar fields with arbitrary potentials) requires a separate consideration which may lead to quite different conclusions. We intend to investigate this case in our forthcoming paper.

Perfect fluids (e.g., quintessence and phantom) with the negative parameter of the EoS $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega <-1/3$$\end{document}$ were introduced to explain the late time acceleration of the Universe. They are an alternative to the cosmological constant. However, in our model, we shall keep both perfect fluids and the cosmological constant because we investigate the full range of negative parameters $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda $$\end{document}$CDM evolution \[[@CR18]\].

It is well known that in the hydrodynamic approach, the linear formalism is not applicable to study the formation of galaxies and clusters of galaxies. However, first, we consider the late stage of the Universe evolution when these inhomogeneities were mainly formed. Second, in our mechanical approach, we can use the linear approximation due to the smallness of the gravitational fields and peculiar velocities. Here, the structure of the galaxies can evolve on account of mechanical merger of inhomogeneities.

Radiation can easily be included in our scheme \[[@CR22]\]. The simple analysis shows that this does not change all of the following results.

It can easily be realized that the homogeneous solution $\documentclass[12pt]{minimal}
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                \begin{document}$$\varphi =0$$\end{document}$ is forbidden because it contradicts Eq. ([2.19](#Equ19){ref-type=""}). The point is that the standard matter density perturbations $\documentclass[12pt]{minimal}
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                \begin{document}$$\delta T^0_0$$\end{document}$ defined in Eq. ([2.16](#Equ16){ref-type=""}) are supposed to be nonzero. In other words, we consider the Universe filled with inhomogeneously distributed galaxies, groups, and clusters of galaxies. The presence of these inhomogeneities results in nonzero perturbations of the 00 component of the corresponding energy--momentum tensor \[[@CR23]\].

We would like to recall that quantities $\documentclass[12pt]{minimal}
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                \begin{document}$$\delta \rho $$\end{document}$ are the comoving ones \[[@CR23]\]. Therefore, within the adopted accuracy when both nonrelativistic and weak field limits are applied, they do not depend explicitly on time \[[@CR22]\].

This result may change if we take into account the shear deformations of the perfect fluid. However, this problem is out of the scope of our model and requires a separate investigation.
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